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HIGHLIGHTS 


GRAPHICAL ABSTRACT 


i Selectively catalytic hydrothermal 
pretreatment of corncob was 
investigated. 

Solid acid (SO^/TiC^-ZrOj/La 3 *) was 
as a catalyst. 

Xylose and furfural were the main 
hydrolysates. 

. Highest furfural yield (6.18 g/100 g) 
with 6.80 g/100 g xylose yield was 
obtained. 
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Selectively catalytic hydrothermal pretreatment of corncob into xylose and furfural has been developed 
in this work using solid acid catalyst (S 04 _ /Ti 02 -Zr 0 2 /La 3+ ). The effects of comcob-to-water ratio, reac¬ 
tion temperature and residence time on the performance of catalytic hydrothermal pretreatment were 
investigated. Results showed that the solid residues contained mainly lignin and cellulose, which was 
indicative of the efficient removal of hemicelluloses from corncob by hydrothermal method. The pre¬ 
pared catalyst with high thermal stability and strong acid sites originated from the acid functional groups 
was confirmed to contribute to the hydrolysis of polysaccharides into monosaccharides followed by 
dehydration into furfural. Highest furfural yield (6.18 g/100 g) could be obtained at 180 °C for 120 min 
with 6.80 g/100 g xylose yield when the corncob/water ratio of was 10:100. Therefore, selectively cata¬ 
lytic hydrothermal pretreatment of lignocellulosic biomass into important platform chemicals by solid 
acids is considered to be a potential treatment for biodiesel and chemical production. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Manufacture of fuels, energy products and chemicals from 
lignocellulosic biomass has been considered to be an environmen¬ 
tally friendly option to solve the problems derived from the 
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extensive utilization of fossil fuels (Romani et al„ 2010). However, 
it is necessary to modify or pre-treat lignocellulosic materials 
(LCMs) by physical and chemical approaches to satisfy the require¬ 
ments of reducing the handling and transportation expenditures 
(Hoekman et al„ 2011). Hydrothermal pretreatment (HTP) as a 
thermochemical procedure has become a candidate pathway for 
homogenizing feedstock to a certain degree and, thereby, minimiz¬ 
ing handling and transportation challenges (Chang et al., 2013; 
Hoekman et al., 2011). 


http://dx.doi.org/l 0.1016/j.biortech.2014.02.059 
0960-8524/© 2014 Elsevier Ltd. All rights reserved. 
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HTP, also known as the wet torrefaction, has been considered as 
a cost-effective pretreatment with promising properties of limited 
equipment corrosion and simple operation (Chang et al., 2013; 
Romani et al., 2010). The HTP process is carried out in water at 
elevated temperatures and pressures to partially break down the 
lignocellulosic structure of the feedstock, thereby recovering 
sugars and other chemicals and enhancing its suitability as a feed¬ 
stock for subsequent thermochemical processing (Hoekman et al., 
2011; Tang et al., 2012; Xiao et al., 2012a). In the subcritical region 
(100-374 °C), the ionization constant (fe w ) of water increases with 
increasing temperature. When the temperature is higher than 
150 °C, the H-bonding of H 2 0 starts weakening, then acid hydro- 
nium ions (H 3 0 + ) form which can act as catalyst during the process 
(Ruiz et al., 2013). 

Recently, the dehydration of carbohydrates from wood and 
non-wood feedstocks has been extensively studied (Choudhary 
et al., 2013; Sahu and Dhepe, 2012; Weingarten et al., 2011; Zhang 
et al., 2013). Furfural is a predominant chemical in the manufac¬ 
ture industries, which only can be produced from pentose in LCMs 
such as corncobs, oat hulls, and cottonseed hull bran catalyzed by 
acids (Zhang et al„ 2013). It is a precursor used to synthesis organic 
materials such as furfuryl alcohol and furan chemicals such as 
furoic acid (Weingarten et al., 2010). Furfural derivatives also can 
be used as ingredients in the plastic, food, pharmaceutical and agri¬ 
cultural industries (Sanchez et al., 2013). 

Intensive research endeavours have pursued the production 
of furfural by thermo-chemical processes using inorganic salts 
(Choudhary et al., 2012), metal oxides (Dias et al., 2007), solid acids 
(Choudhary et al., 2013) as well as ionic liquids (Serrano-Ruiz et al., 
2012) as catalysts in monophasic (Campos Molina et al., 2012) and 
biphasic systems (Chheda et al., 2007). Among them, solid acid 
catalysts with the good thermal and chemical stabilities have been 
implemented in the furfural production process considering the 
environmental and economical issues. 

The hemicelluloses fraction in LCMs can be depolymerized into 
oligomers and monomers in HTP process and further dehydrated 
into furan compounds (Ruiz et al., 2013). Under optimized condi¬ 
tions, hemicelluloses can be almost totally removed from LCMs 
in hot water, which need a lower temperature than that of cellu¬ 
lose (Vegas et al., 2008; Weiqi et al., 2012). The release of hemicel¬ 
luloses from LCMs in the pretreatment process has the potential for 
furfural production. Studies reported on the HTP of LCMs so far 
have mainly focused on the further application of the solid 
products, while few efforts about the oriented conversion of the 
HTP liquid have been made. However, side-reactions may occur 
under harsh conditions to form oligomeric species (Dias et al., 
2006). The addition of solid acid catalysts with high activity and 
selectivity is a desirable option for the highly efficient utilization 
of pretreatment liquid. 

During recent years, increasing attentions have been directed 
towards utilizing corncob for bioenergy and bio-based materials 
by environmentally friendly approaches (Oh et al., 2013). Corncob 
is considered as a promising feedstock for xylose and furfural 
production due to its high pentosans and cellulose contents (Oh 
et al., 2013). The objective of the present work was to pre-treat 
corncob by catalytic hydrothermal method using solid acid 
(SOj /Ti0 2 -Zr02/La 3+ ) as a catalyst for the production of xylose 
and furfural. Pretreatment liquid was determined by high 
performance liquid chromatography (HPLC), high-performance 
anion-exchange chromatography (HPAEC). Chemical and physical 
characterizations of the solid residues obtained after the HTP of 
corncob were analyzed by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), pore volume distributions and 
Brunauer-Emmett-Teller (BET) surface area, carbon-13 nuclear 
magnetic resonance ( 13 C NMR), and elemental analysis. 


2. Methods 

2.1. Materials 

Corncob used in this study was acquired from a farm in Shan¬ 
dong province, China. Prior to the HTP process, corncob was 
grounded into particles with a size of 40-60 mesh, and then 
oven-dried at 55 °C to constant weight. ZrOCl 2 -8H 2 0, TiCl 4 , NH 4 OH 
and La(N0 3 ) 3 -6H 2 0 were purchased from Aladdin (China). The 
standard reagents of formic acid, levulinic acid, furfural and 5- 
hydroxymethyfurfural (HMF), L-arabinose, D-glucose, D-xylose, 
and D-galactose were purchased from Sigma-Aldrich. All reagents 
were used without any purification. 

2.2. Preparation of SO4 /TiO^-ZrOJLa 3 * 

The solid acid (S0 4 /Ti0 2 -Zr0 2 /La 3+ ) was prepared by coprecip¬ 
itation and impregnation methods (Li et al., 2010; Zhang et al., 
2012). TiCLi (0.04 mol) and La(N0 3 ) 3 -6H 2 0 in a required stoichiom¬ 
etric ration of lanthanum to the target product (1.0 wt%) was 
added to ZrOCl 2 -8H 2 0 (0.02 mol) solution slowly in an ice bath, 
respectively. The above solution was adjusted to pH in the range 
of 9-10 with concentrated ammonia and aged for 24 h to form 
Zr(0H) 4 -Ti(0H) 4 /La 3+ . The washed powder was dried at 110 °C 
for 24 h to form Ti0 2 -Zr0 2 /La 3+ , and then impregnated with 1.0- 
M H 2 S0 4 at the proportion of 15 mL/g for 6h. The solid product 
was dried at 110 °C for 12 h and calcined at 550 °C for 4 h to get 
the target catalyst. 

2.3. Selectively catalytic hydrothermal pretreatment of corncob 

Experiments for selectively catalytic hydrothermal pretreat¬ 
ment of corncobe were carried out in a 100-mL high-pressure 
batch reactor (SLM-100, Shenlang Co., Ltd., Beijing, China) at 160, 
170, 180 and 190 °C in the range of 0-120 min, respectively. The 
apparatus contained a stainless steel pressure vessel (reactor), 
electric furnace used for heating the reactor, temperature control¬ 
ler, stirring equipment, pressure meter and air valve (Fig. SI, Sup¬ 
porting information). Corncob and water were mixed and 
ultrasounded for 30 min at room temperature to improve the dis¬ 
solution rate of hemicellluloses from the corncob cell wall. The 
above mixture was transferred to the reactor and S0 4 /Ti0 2 - 
Zr0 2 /La 3+ was added before the reactor was freed of oxygen by 
purging with nitrogen gas. Then the reactor was heated up to the 
desired temperature in a certain time period with magnetic agita¬ 
tor operating at 350rpm/min. After the hydrothermal pretreat¬ 
ment, the reactor was cooled quickly with flowing water. 
Products were filtrated to get the liquid and solid fractions. The so¬ 
lid residence was washed with distilled water several times and 
dried for characteristic analysis. Each experiment was repeated 
twice under the same conditions to ensure the reproducibility of 
the results. 

2.4. Analysis of liquid and solid products 
2.4.1. Analysis of liquid products 

Formic acid, levulinic acid, furfural and HMF were determined 
by HPLC (Waters 2414) equipped with a refractive index detector 
and a Bio-rad Aminex® HPX-87H (300 x 7.8 mm) column. 5 mM 
of H 2 S0 4 was employed as the eluent with a 0.6 mL/min flow rate 
at 50 °C. Product yield was defined as gram from per 100 g of dry 
raw material (g/lOOg). 

Sugars were measured by HPAEC (Dionex ICS-3000, Sunnyvale, 
CA) with an amperometric detector and a guard PA-20 column 
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(3 x 30 mm). 5 mM of NaOH was used as isocratic eluent for 
20 min at a flow rate of 0.4 mL/min. 0-75 mM NaAc was employed 
as gradient eluent for 15 min, followed by 10 min of elution with 
200 mM NaOH to wash the column, then re-equilibrated the col¬ 
umn with 5 mM NaOH. 

Acid soluble lignin content was determined by ultraviolet spec¬ 
trograph (Techcomp, UV2300). Calibration curves were established 
for quantitative calculation. 

2.4.2. Analysis of solid products 

The surface morphology analysis of the untreated and treated 
corncob was conducted with a scanning electron microscopy 
(SEM) equipment (S-4300, Hitachi, Japan) at 10 kV. The pore vol¬ 
ume distributions and BET surface area were measured by N 2 
adsorption using a Micromeritics ASAP 2010 instrument at 77 K 
and calculated from the adsorption data in the relative pressure 
ranging from 0.05 to 0.30. XRD patterns of samples were recorded 
on a Bruker diffractometer with Cu Koc radiation. The tube voltage 
was 40 kV and the current was 40 mA. The selected 20 range was 
10-40°, scanning at a step of 0.02°. The 13 C NMR spectra of samples 
were obtained on a Bruker BioSpin GmbH solid NMR spectrometer 
operating at room temperature using a combination of cross-polar¬ 
ization (CP). The spectrometer frequency was 100.60 MHz and the 
relaxation delay was 2 s. In order to achieve quantitative results 
from the solid 13 C NMR spectra, all signals were separated into 
individual peaks using Gaussian fitting prior to integration. And 
the crystallinity of cellulose was calculated as the following 
expression according to the literature work (Zheng et al., 2012): 

The crystallinity of cellulose = ar>r ,^ 9 ° _ x 100% (1) 

J J A90.5+A85.3 v ’ 

where A90.5 and A85.3 are corresponding to the normalized inte¬ 
gration values in deconvolved spectrums. 

The elemental analysis of C, H and O of raw and treated samples 
was carried out by a Vario EL Elemental Analyzer (Elementar, 
Germany). Carbohydrates and lignin in corncob before and after 
treatment were determined according to the NREL standard 
analytic method (NREL/TP-510-42618) (Sluiter et al„ 2008). 

3. Results and discussion 

3.1. Liquid analysis 

3.1.1. The effects of the solid acid catalyst on chemical composition of 
hydrolysates 

The effects of the solid acid catalyst (SO4 /Ti0 2 -Zr0 2 /La 3+ ) on 
the chemical composition of the hydrolysates are shown in Fig. 1 . 
Compared with the non-catalytic process, the yields of furfural 
and HMF were enhanced in the presence of SO4 /Ti0 2 -Zr0 2 /La 3+ . 
The total amount of dissolving carbohydrates (glucose and xylose) 
increased remarkably in the catalytic HTP program, which indi¬ 
cated SO4 /Ti0 2 -Zr0 2 /La 3+ was in favor of the cracking of glycosidic 
bonds in cellulose and hemicelluloses. The reducing of glucose after 
the additional of catalyst may be due to the rapid transformation or 
rehydration of glucose under the acid action of SOj /Ti0 2 -Zr0 2 / 
La 3+ . However, the amount of xylose was significantly increased 
from 0.97 g/100 g to 10.28 g/lOOg in the catalytic process. This 
could be attributed to the fact that hemicelluloses is much easier 
to hydrolyze than cellulose in lower temperature (Mou et al., 
2013), thus resulting in the decease of the difficulty of the glycosidic 
bonds cracking to form xylose (Weiqi et al„ 2012). In addition, some 
organic acid products, such as formic acid and levulinic acid, were 
observed in the catalytic hydrothermal pretreatment. These prod¬ 
ucts were believed to be generated from the rehydration of HMF 
or furfural (Chheda et al., 2007; Runge and Zhang, 2012). 



acid acid 

Fig. 1. Effect of solid acid catalyst on the chemical composition (g/100 g corncob) 
measured in the hydrolysates after hydrothermal pretreatment (HTP) (Reaction 
conditions: 6.0 g corncob, 1.2 g catalyst, 60 mL water, 160 °C, 30 min). 


3.1.2. The effects of the reaction temperature on the liquid composition 

The main components of hydrolysates from the catalytic hydro- 

thermal pretreatment of corncob at different reaction tempera¬ 
tures (160, 170, 180 and 190 °C) are presented in Fig. 2. 
Experiments were conducted in a high-pressure batch reactor at 
a special temperature in the range of 1-120 min with 6.0 g of dried 
corncob, 60 mL of ultrapure water and 0.6 g of catalyst. Under the 
investigated pretreatment conditions, the yield of glucose in¬ 
creased with increasing reaction severity (higher temperature or 
longer time). Different phenomenon was observed in the xylose 
formation. The xylose yield increased to the highest value first 
and then decreased when prolonging the reaction time at the 
temperature of 180°C and below. A highest xylose yield of 
21.17 g/100 g was obtained at 170 °C for 60 min. However, it 
declined rapidly from approximately 13.5 g/100 g to 0.86 g/100 g 
at 190 °C. The yield of xylose was higher than that of glucose 
may be attributed to the fact that the degradation of hemicellu¬ 
loses was easier than cellulose in lower temperature. 

Under acid conditions, glucose and xylose can be dehydrated 
into HMF and furfural effectively. Our previous work had con¬ 
firmed that SOj /Ti0 2 -Zr0 2 /La 3+ possessed good acid properties 
as well as high selectively abilities for the conversion of xylose into 
furfural. As indicated in Fig. 2, highest yield of HMF and furfural 
were 4.25 g/100 g at 170 °C in 90 min and 6.18 g/100 g at 180 °C 
in 120 min under our investigated conditions, respectively. How¬ 
ever, higher reaction temperature may prefer side-reactions, lead¬ 
ing to the formation of humins or the decomposition of HMF and 
furfural (Weingarten et al., 2011). 

The effects of reaction temperature and residence time on the 
production of organic acids (formic acid and levulinic acid) are also 
shown in Fig. 2. The formation of formic acid and levulinic acid was 
generally from the degradation of HMF or furfural (Weingarten 
et al., 2011 ). Formic acid and levulinic acid reached their maximum 
yields of 3.52 g/100 g at 190 °C in 90 min and 2.70 g/100 g at 
180 °C in 120 min, respectively. Based on the goal of the efficient 
utilization of the HTP liquid, we selected 180 °C as an optimized 
reaction temperature for the followed experiments. 

3.1.3. The effects of corncob to water ratio on chemical composition of 
hydrolysates 

Experiments were performed to investigate the effect of the ra¬ 
tio of corncob to water in the catalytic hydrothermal pretreatment 
process and the results are shown in Fig. 3. Catalytic hydrothermal 
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Fig. 2. Effect of reaction temperature on liquid composition. 


pretreatment at three different ratios of corncob to water (5:100, 
10:100 and 15:100 g/mL) were carried out at 180 °C. Generally, 
lower corncob content benefited the formation of glucose, xylose 
and HMF. When enlarging the corncob percentage from 5% to 
10%, the yields of glucose, xylose as well as HMF decreased signif¬ 
icantly, which may be due to the condensation reactions between 
furan compounds (HMF and furfural) and intermediates in the 
aqueous solution (Dias et al., 2006). Highest HMF yield was ob¬ 
tained when the ratio of corncob to water was 5:100. However, fur¬ 
ther enhancing the corncob content from 10% to 15%, HMF yield 
increased, which meant the reaction rate of dehydration was faster 
than that of side-reactions at high temperature. The yield of furfu¬ 
ral was found to be mostly independent on the xylose formation, 
and highest furfural yield was obtained when the corncob content 
was 10%. The higher yield of formic acid in the lower corncob con¬ 
tent was thought to be due to the degradation of furan compounds 
in the higher concentration. However, lower formic acid concentra¬ 
tion with higher HMF yield was observed when the corncob con¬ 
tent was 15%. Herein, we concluded that 10:100 as the optimized 


ratio of corncob to water at which the higher furfual yield could 
be achieved. 


3.2. Solid residue analysis 

3.2A. Morphological characteristics analysis 

The morphological structures of untreated and treated corncob 
obtained at different hydrothermal pretreatment temperatures 
(160, 170, 180 and 190 °C) within 60 min are illustrated in 
Fig. S2 (Supporting information). The intact plant cell wall of un¬ 
treated corncob shows a continuous and flat smooth surface. Com¬ 
pared with the SEM inspection of the raw material, treated samples 
reveal substantial changes in the surface morphology. Fibrillar 
structure appeared on the corncob surface and vascular fibers were 
exposed after the HTP at 160 °C for 60 min, which was attributed to 
the solubilization of the hemicelluloses and partial removal of lig¬ 
nin from the cell wall of corncob (Kumar et al., 2009; Xiao et al., 
2012b). 
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The network structure of the raw material was destroyed under 
harsh conditions and numbers small particles with different 
shapes and sizes can be seen on the fiber surface, which may be 
due to the precipitation of lignin or the adsorption of catalyst (Xiao 
et al., 2012b). This agrees well with the previous findings that 
droplet formed during dilute acid pretreatment (Selig et al„ 
2007). The deposition of catalyst particles on the sample surface 
and the release of hemicelluloses from corncob are likely to pro¬ 
mote the accessibility of the catalyst to hemicelluloses for the sub¬ 
sequent dehydration. The roughness of treated samples generally 
increased with increasing pretreatment severity and an abrupt 
morphological change occurred in the range of 180-190 °C. 


3.2.2. Surface area and pore structure analysis 

The texture of the untreated and treated corncob was analyzed 
by means of nitrogen physisorption and the results are shown in 
Table 1. All treated samples appeared the poor porosity and the 
BET surface area was in the wide range from 1.3792 to 
28.2739 m 2 g 4 , which was much higher than that of the raw 
material (0.2702 m 2 g _1 ). Higher treated temperature resulted in 
the larger surface area, which may be attributed to the separation 


of individual fibers or the precipitation of lignin and the adsorption 
of catalyst. This hypothesis was also confirmed by SEM images 
(Fig. S2, Supporting information) that rougher surface morphology 
was observed after treatment. Micropore volume had a similar 
trend of BET surface area. However, different phenomenon was ob¬ 
tained in pore diameter. The pore diameter was 15.9034 nm for 
raw material while it was enhanced after treated at 160 and 
170 °C. The increasing of pore diameter may due to the solution 
of the hemicelluloses and the partial removal of lignin. However, 
further increasing the reaction temperature up to 180 and 
190 °C, the pore diameter decreased, which may be due to the pre¬ 
cipitation of lignin or the adsorption of catalyst. 


3.2.3. XRD analysis 

X-ray diffraction profiles of corncob and hydrothermal treated 
samples at specific temperatures are shown in Fig. S3 (Supporting 
information). Three typical diffraction peaks were observed from 
the lowest angles in the range of 20 = 15-26° for all samples. 
Reflections of (101) and (002) are corresponding to transverse 
arrangement of the crystallites in cellulose I (Park et al., 2010). 
After the HTP process, reflection peaks near 16.0 and 21.7° of the 
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Surface area and pore structure of samples. 


BET surface area Micropore volume Pore diameter 
(m 2 g~ 1 )(cn^g- 1 )(nm) 

0.2702 0.0011 15.9034 

1.3792 0.0070 20.2968 

4.8545 0.0251 20.6563 

9.3310 0.0278 11.9334 

28.2739 0.0657 9.2958 



The distributions of different type carbons as percentage of the 
total carbons samples were calculated by the normalized integra¬ 
tion values of signals and are shown in Table 2. The total distribu¬ 
tion of carbon in hemicelluloses decreased from 10.8% to 4.3% 
while the treated temperature increased from 160 to 170 °C, which 
implied that elevating treated temperature favored the decomposi¬ 
tion of hemicelluloses. However, further increasing the reaction 
temperature, no significant change could be observed. These re¬ 
sults indicated that a temperature above 170 °C was favor for the 
depolymerization of hemicelluloses. 


resulting materials were still similar to that of the raw corncob, 
which indicated that the microcrystalline structure of the cellulose 
in corncob has been preserved. However, the diffraction peak at 
21.7° shifted to higher angles with the increase of reaction temper¬ 
ature. The result of the peak shift was attributed to the thermal 
contraction behavior of the cellulose crystals (Wada et al., 2010). 
In addition, a diffraction peak at 25.1° identified as anatase Ti0 2 
(JCPDS 01-084-1286) was observed after the HTP process in the 
present of catalyst and highest intensities of it appeared at 
180 °C. This result showed that the best interaction between cata¬ 
lyst and corncob was achieved at 180 °C, which may lead to better 
catalytic performance at 180 °C. 

3.2.4. Solid 13 C NMR analysis 

The solid 13 C NMR spectra of the untreated and treated corncob 
with catalyst are presented in Fig. S4 (Supporting information). Dif¬ 
ferent kinds of carbons in hemicelluloses, cellulose and lignin were 
represented by numbers and tabulated in Table 2. Compared with 
the raw material, the resonance intensity corresponding to the 
acetyl groups and C-l of hemicelluloses near 23.4 (12), 98.9 (4) 
and 173.9 (1) ppm decreased through HTP process in the presence 
of SOj /Ti02-Zr0 2 /La 3+ , indicating that these groups were the 
most susceptible to degrade under the investigated conditions 
(Xiao et al., 2012b). Signals of 3, 5 and 6, 7 and 8, and 9 and 10 were 
predominantly assigned to the C-l, C-4, C-2/3/5 and C-6 in 
cellulose and carbohydrate, respectively (Table 2). Significant 
change could be observed after the HTP process in the presence 
of catalyst. Comparing the spectrum of untreated corncob, a 
noticeable improvement of the relative intensities of the 
amorphous cellulose at 85.3 (6), 74.8 (8) and 64.8 (10) ppm was 
observed in the spectrum of treated samples, whereas the crystal¬ 
line cellulose at 90.5 (5), 76.6 (7) and 66.8 (9) decreased. This 
phenomenon was consistent with the results presented in Table 2 
that the crystallinity of corncob decreased after the catalytic 
hydrothermal treatment. 


3.2.5. Composition and properties analysis of raw corncob and treated 
corncob 

The effects of the reaction temperature and residence time on 
the sugar species of corncob are shown in Table 3. Xylose and glu¬ 
cose were dominant carbohydrates in corncob. Corncob consisted 
of 39.22 g xylose, 3.78 g arabinose, 1.38 g galactose and 65.68 g 
glucose per lOOg raw material. No remarkable changes of mono¬ 
saccharides in corncob were observed after the HTP in the absence 
of catalyst. Comparing with the non-catalytic process, the amount 
of xylose, arbinose and galactose decreased sharply in the presence 
of catalyst with a similar glucose amount (Table 3, entries 2 and 3), 
which indicated that SOj /Ti0 2 -Zr0 2 /La 3+ can selectively depoly- 
merize hemicelluloses under the investigated conditions. Operat¬ 
ing at the temperature in the range of 160-190 °C in 60 min, the 
xylose content decreased with the increasing of the pretreatment 
temperature and reached a minimum value of 0.65g/100g with 
98.34% of xylose dissolution efficiency. However, there was no sig¬ 
nificant change of glucose content after the pretreatment. More¬ 
over, no arabinose as well as galactose could be detected in solid 
residues when the pretreatment temperature was up to 170°C. 
These results supported the observation reported by others that 
the decomposition of hemicelluloses was easier than that of cellu¬ 
lose at lower temperature (180 °C) and large amount of xylose was 
released from hemicelluloses during the HTP process (Weiqi et al., 
2012). As expect, with an increasing residence time at 180 °C, the 
amount of xylose, arabinose and galactose decreased constantly 
with similar glucose amount, which suggested that longer pre¬ 
treatment time was favor for the hemicelluloses decomposition. 

The lignin content of the raw material was 16.08%, and it in¬ 
creased to 20.72% and 23.61% after the non-catalytic and catalytic 
hydrothermal reactions, respectively (Table 3, entries 1, 2 and 3). 
This is expected because hemicelluloses decomposed under the 
investigated conditions, thus leading to a higher lignin percentage 
in solid residues. Furthermore, the proportion of lignin in the solid 
residue increased with the increment of reaction temperature and 
holding time, and reached approximately 47.93% at 190 °C for 


Table 2 

The assignment and quantitative analysis of signals in spectra of samples. 

Signal number Chemical shift (ppm) Assignment Distribution of C as% of total C in samples 

Raw material 160-60 170-60 180-60 190-60 


173.9 
116.7 
106.6 

98.9 

90.5 
85.3 

76.6 
74.8 


11 57.1 

12 23.4 
Crystallinity (%) 

Total C % in hemicelluloses 


Hemicellulose:acetyl carboxyl 4.6 

Lignin:aromatic C 4.4 

Cellulose:C-l 8.0 

Hemicellulose:C-l 8.0 

Cellulose:C-4 (crystalline) 4.8 

Cellulose:C-4 (amorphous) 8.6 

Carbohydrate:C-2/3/5 28.4 

Carbohydrate:C-2/3/5 5.0 

Cellulose:C-6 (crystalline) 10.3 

Cellulose:C-6(amorphous) 5.7 

Lignin:-0CH 3 7.1 

Hemicellulose:-CH 3 4.9 

35.8 
17.5 
















39.22 

40.71 

19.15 

14.76 


1.38 

1.04 


HHV>(MJkg-') 


17.91 

18.31 

18.57 


19.72 



o et al. (2012a,b). 
f atomic 0/C ratios! 


was 1.0451, ai 
e O/C ratio wi 


our investigated conditions (Zheng et al., 2012). Therefore, solid 
residues with higher energy density could be obtained in the cata¬ 
lytic hydrothermal pretreatment. 

Energy content is an important indexes to evaluate the perfor¬ 
mance of the pretreatment process. Higher heating value (HHV) 
and energy enhancement factor (EEF) of untreated and treated 
corncob are illuminated in Table 3. The energy content of the 
raw material was 17.91 MJ kg 1 and enhanced after the HTP pro¬ 
cess. Higher reaction temperature and longer reaction time were 
available for enhancing the energy content. The energy content 
of solid residues increased slowly and linearly from 18.57 to 
20.70 MJ kg 1 at the temperature of 160-180 °C in 60 min and 
18.54-20.06 MJ kg 1 at 180 °C in a range of 0-120 min under the 
catalytic HTP process, respectively. 


4. Conclusions 

Catalytic hydrothermal pretreatment of corncob was investi¬ 
gated utilizing solid acid (SOj /Ti0 2 -Zr0 2 /La 3+ ) as a catalyst. After 
the pretreatment, the main hydrolysates were xylose and furfural. 
The addition of catalyst during the HTP promoted the release of 
hemicelluloses from corncob and further hydrolyzed them into 
monosaccharides followed by the dehydration into furfural. High¬ 
est furfural yield (6.18g/100g) could be obtained at 180 °C for 
120 min with 6.80 g/100 g xylose yield at the corncob/water ratio 
of 10:100. The next work will mainly focus on the investigation 
of the reaction mechanisms and develop magnetic catalyst with 
high selectively and easy recycle ability. 
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Schematic of experimental apparatus (Fig. SI), SEM images, 
XRD, and solid SEM 13 C NMR spectra raw material and pretreated 
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